Abstract Over many decades, a great number of exceptions from the rule of equal segregation of the chromosomes during cell division have been found in different animal species. The most diversified is the process of chromosome re-arrangement that takes place during the specification of soma versus germ-line cell fate in the embryos from the whole spectrum of animal phyla. In nematodes, copepodes, insects, hagfish, and marsupials, the chromatin/chromosome elimination is a common path of normal cell differentiation and development. This also raises the question of the mechanisms and factors that promote elimination in pre-somatic cell lines and/or inhibit the elimination in the prospective germ cells. We will discuss the possible role of the germ plasm in this process.
Introduction
The very essence of the Chromosome Theory of Heredity lies in the concept of the consistency and the stability of chromosome number and composition. This is achieved by the existence of extremely precise and tightly controlled mechanisms of chromosome replication and segregation during the cell division. What follows is that any spontaneous or experimentally induced aberrations in chromosome number or identity will result in dramatic changes in the fate of affected cells and/or in the fate of the organism as a whole. The most dramatic examples are chromosome abnormalities correlated with oocyte aging (Eichenlaub-Ritter, 1998; Wolstenholme and Angell, 2000) , and deletions or chromosome rearrangements in various tumors (Bostock, 1984; Thomas, 1995; Shimizu et al., 2000) .
However, over many decades a great number of exceptions from the rule of chromosome tenacity have been found. We know now that the genetic information and the way it is inherited are not so invariant and rigorous as we thought them to be. It seems that there is a very high degree of genome plasticity and that the chromosome rearrangements are very often a pre-programmed path of cell differentiation and development. One of the best-known examples is the rearrangement of immunoglobulin genes during the differentiation and maturation of B and T lymphocytes (Bostock, 1984) . Another is the elimination of up to 95 % of micronucleolar chromatin during the formation of macronucleus in ciliated protozoa (Bostock, 1984; Jahn, 1999) .
The most astonishing in its diversity is the process of chromosome rearrangement that takes place during the specification of soma versus germ-line cell fate in developing organisms from a whole spectrum of animal phyla. In many instances these processes were treated as a rare curiosity not worth of being included in mainstream science.
A search in older and new literature shows that in certain groups of animals the process of elimination of chromosomes/chromatin from the somatic cells is so universal that it could be considered a standard principle, and the lack of chromatin elimination could be considered as a rare oddity. This also raises the question of identity of mechanisms and factors that promote elimination in the pre-somatic cells and inhibit elimination in the prospective germ cells. Below we will describe in more detail various examples of chromosome/ chromatin elimination that are a common path of normal cell differentiation and development.
Chromatin elimination in ciliates
Ciliated protozoa have two different nuclei: a micronucleus that is an equivalent of germ-line nucleus and a macronucleus that is an equivalent of somatic nucleus. The micronucleus remains inactive and the macronucleus is transcriptionally active during the vegetative phase of growth. It seems that the elimination and rearrangements that occur during the development of the macronuclei are strictly related to the vegetative function of the macronucleus. In hypotrichous ciliates, the development and maturation of the macronucleus involves multiple and complex steps. First there is a polyploidization of certain sequences of chromosomes. Subsequently, the polytene chromosomes become fragmented into gene-sized fragments of DNA, enclosed in separate vesicles, and 95 % of DNA sequences become eliminated and degraded. Only about 5 % of all sequences are released undegraded from the vesicles. Finally, these sequences will undergo amplification. A mature macronucleus will contain around 1000 copies of each of 24,000 different DNA molecules (Radzikowski, 1979; Bostock, 1984; Jahn, 1999) . Recently, it was shown that in Euplotes, in addition to single copy sequences, as many as 15,000 copies of Tec transposable element become eliminated during the development of macronucleus (Jahn, 1999) . One of the most studied is the process of chromatin elimination and rearrangement in Tetrahymena. Initially, the Tetrahymena macronucleus contains a single copy of rDNA unit. This rDNA becomes excised from the chromosome and amplified extrachromosomally. As a result, the mature macronucleus contains several hundred copies of extrachromosomal linear rDNA. In addition, 10 -20 % of all sequences are eliminated during the development of macronucleus in Tetrahymena (Bostock, 1984) .
Chromatin diminution in nematodes
The chromatin diminution is the elimination of certain parts of chromosomes from the pre-somatic cell line. Chromatin diminution was first described by Boveri (1887) in a horse roundworm Parascaris equorum. To date, chromatin diminution has been reported for 11 nematode species, all of them parasitic. It seems that the occurrence of chromatin diminution is limited to the parasitic form of worms (although not all the parasitic nematodes undergo chromatin diminution), and it does not occur in free-living nematodes (Müller et al., 1996) . In Strongyloides papillosus, the species that has both parasitic and free-living forms, the chromatin diminution occurs only in the parasitic stage of the life cycle and is involved in sex determination, not in the soma/ germ line specification (Albertson et al., 1979) . Since its discovery, the process of chromatin diminution was most thoroughly studied in Parascaris univalens (equorum) and in Ascaris suum (A. lumbricoides) (Müller et al., 1996; Müller and Tobler, 2000; Niedermaier and Moritz, 2000) . In these nematodes, during early cleavage, all cells destined to enter somatic cell fate undergo the fragmentation of chromosomes and elimination of heterochromatic chromosomal ends. In Ascaris suum, chromosome breakage occurs in specific regions called CBRs and is followed by the telomerase dependent addition of 2.4 kb of TTAGGC telomeric sequences (Müller et al., , 1996 . Ultrastructural studies showed that in Ascaris and Parascaris chromosomes are holocentric, i.e. they have diffuse centromeres. In prospective germ cells, the centromere plate extends through the surface of the whole chromosome. In pre-somatic cells, the centromere plate spans the whole chromosome length with the exception of chromosome ends (Goday et al., 1985 (Goday et al., , 1992 . This indicates that in pre-somatic cells, the centromere of the eliminated ends undergoes a selective deactivation. After chromosome breakage, each chromosomal fragment becomes attached to the microtubules of the mitotic spindle. In the pre-somatic cells, the acentric chromosome ends are not able to attach to the spindle (Goday et al., 1985 (Goday et al., , 1992 Müller et al., 1996) . After division they are not included in telophase nuclei, stay in the cytoplasm, and eventually degrade (Müller et al., 1996) . In Parascaris as much as 88 % and in Ascaris 25 % of DNA becomes eliminated from the pre-somatic cells (Moritz and Roth, 1976; Tobler et al., 1972; Tobler, 1986) . The majority of eliminated chromatin consists of highly repetitive and middle repetitive sequences, and this entire DNA becomes retained in germ cell line (Müller et al., 1996) . Nothing definite is known about the role of repetitive sequences in eukaryotes. So far, the only example of the function of repetitive sequences is the participation of localized repetitive Xlsirts RNA in the anchoring of localized Vg1 RNA in Xenopus oocytes (Kloc and Etkin, 1994) . A retention of repetitive DNA in the nematode germ cell line suggests that, at least in these organisms, the repetitive DNA must play an important and indispensable role in the germ-line determination.
Recently, it has been shown that the eliminated chromatin, besides the repetitive sequences, also contains the single copy genes aleg-3, rpS19G (alep-1) and fert-1 (Müller et al., 1996) . Aleg-3 and rpS19 proteins occur in two different variants. Both variants are present in the germ cell line, and only one of each is retained in the somatic cells. Aleg-3 codes for a protein of unknown function. RpS19G codes for small ribosomal subunit protein S19. Somatic cells have their own isoform of ribosomal protein rpS19G. This case represents one of the most striking examples of ribosomal heterogeneity be-tween the somatic and germ line. It has been suggested that the ribosomal differences are related to the extremely high needs for protein synthesis in the germ cells (Etter et al., 1991 . The fert-1 gene has only one variant and it is eliminated from the presomatic cells. However, fert1 has an extremely stable transcript that perseveres in the somatic line and probably compensates for the loss of the gene (Spicher et al., 1994) .
Over the years, there have been many different theories on the phylogeny of diminution in nematodes. One of the most recent theories suggested that in free-living nematodes the genes were present in single copies. At a certain point in evolution, a common ancestor of chromatin eliminating nematodes underwent a partial duplication of its genome. The duplication of certain genes was advantageous for the parasitic form of worms that rely on the production of enormous quantities of eggs. However, the duplication of a large portion of the genome can upset genetic balance and be fatal for the organism. To prevent disaster, the mechanism of elimination of duplicated genes evolved to restore the balance in the somatic cell line (Müller et al., 1996; Müller and Tobler, 2000) . In this context the chromatin diminution can be considered as a functional, although irreversible, equivalent of dosage compensation.
Chromatin diminution in copepods
There is much less information on the process of chromatin diminution in copepods. Diminution in copepods had been comprehensively analyzed at cytological, but never molecular levels. Chromatin diminution has been observed in 7 species of Cyclops (Beermann, 1959; Einsle, 1994) and in Acanthocyclops vernalis (Standiford, 1988) . Chromatin diminution in copepods, similar to nematodes, occurs in early cleavage and results in the elimination of the majority of heterochromatin from the pre-somatic cell line (Beermann, 1977) . The comparison of DNA contents in somatic versus germ cells showed that around 50 % of DNA is eliminated from the soma (Beermann, 1977) . In copepod chromosomes, heterochromatin forms heterochromatic segments (H-segments) that in different species are differently distributed along the chromosomes. For example, in Cyclops divulsus H-segments are telomeric, in Cyclops furcifer they are telomeric and kinetochoric, and in Cyclops strenuus they are scattered along the chromosomes (Beermann, 1977) . Copepod chromosomes have only a single centromere, and unlike chromosomes in nematodes, they do not fragment during cell division. The elimination of terminal heterochromatin involves the breakage and subsequent healing of chromosome ends, but the elimination of the intercalating H-segments presents a real challenge; after elimination, the linear integrity of the chromosome has to be reconstructed. It has been postulated that the elimination of interstitial H-segments occurs through the looping excision mechanism similar to the excision of phage from the bacterial chromosome (Beermann, 1977) . It is believed that in copepods, like in nematodes, the majority of eliminated chromatin is composed of highly repetitive DNA (Beerman, 1977) . Nobody has ever analyzed diminution in copepods at the molecular level. However, cytological analysis of chromosomes in the germ and somatic cell line suggests indirectly that a portion of the rDNA and some other unidentified single copy genes are also eliminated during chromatin diminution in copepods (Standiford, 1988) .
Chromosome elimination in insects
The phenomenon of chromosome elimination is very common in insects, but at the same time, it is extremely diversified between various insect families and between individual species. In some species there is an elimination of the chromosomes only from the pre-somatic cells, and in the others, there is an additional elimination from the germ cells (White, 1973; Matuszewski, 1982; Goday and Esteban, 2001) . However, in all cases the result is always the different chromosomal composition of the soma versus germ line. The phenomenon of chromosome elimination was most comprehensively analyzed in three families. In Chironomidae the eliminated chromosomes have been designated as K-chromosomes, in Sciaridae as L-chromosomes and in Cecidomyiidae, as Echromosomes (Herrick and Seger, 1999; Goday and Esteban, 2001 ).
Chromosome elimination from pre-somatic cells in Cecidomyiidae takes place very early in embryogenesis. An early embryo of Cecidomyiidae is a typical dipteran embryo, i.e. it is a syncytium of numerous nuclei embedded in the common cytoplasm. The posterior pole of the egg and subsequently of the embryo contains the oosome/pole plasm/germ plasm (Fig. 1A) . All embryonic nuclei that contact the germ plasm retain a full complement of chromosomes (E and S set) and form the germ (pole) cells. The nuclei located in the middle and anterior part of the embryo eliminate the E set of chromosomes and form the soma. The elimination always takes place during the mitosis. During anaphase, eliminated chromosomes do not move toward the pole of the mitotic spindle, remain in the cytoplasm and later become degraded (White, 1973; Matuszewski, 1982; Goday and Esteban, 2001 ). The eliminated chromosomes of Sciaridae and Chironomidae contain highly repetitive DNA in their paracentromeric regions. There are some indications that these sequences are the molecular landmarks that denote chromosomes for the elimination (Crouse, 1979; Staiber et al., 1997; Staiber and Schiffkowski, 2000) . So far nothing definitive is known about the nature and identity of eliminated chromosomes in Cecidomyiidae.
In Sciaridae and Cecidomyiidae, there is also an ad- Arrow points to the oosome (germ lae in the nucleus in diplotene oocyte of Mikiola fagi separate conplasm) at the posterior pole of the oocyte, oocyte nucleus (N). densed bivalents of the S set (S) from the decondensed chromoLight microscopy, stained with hematoxylin. B Anaphase of first somes of the E set (E). Arrow points to the fibrillar body of unmeiotic division in the spermatocyte of Monarthropaplus buxi. known function. E -F Fragment of late diplotene oocyte nucleus Non-eliminated chromosomes (NE) are at the active pole of the of Mikiola fagi with paracrystaline lamellar system separating monocentric spindle, and eliminated chromosomes (E) are at the chromosomes of the S set (S) from the rest of the nucleus. In F a passive pole of the spindle. C Spermatogonium of Monarthropalpus large fibrillar body (arrow) of unknown function remains in contact buxi. Highly condensed non-eliminated chromosomes (NE) and de-with lamellae. B -F are electron microscopy images. Bar is equal condensed eliminated chromosomes (E) occupy different region of to 25 mm in A, 2.7 mm in B, 1.5 mm in C and 600 nm in D -F. ditional elimination of chromosomes from the male germ cells during the meiotic divisions. This additional elimination removes a haploid set of S chromosomes and all, or nearly all, E chromosomes (Panelius, 1971; White, 1973; Matuszewski, 1982; Jazdowska-Zagrodzinska et al., 1992) during spermatogenesis in Cecidomyiidae, and a paternal chromosome set in Sciaridae (SmithStocking, 1936; Gerbi, 1986; Goday and Esteban, 2001 ). In Sciaridae, in anaphase of first meiotic division, only non-eliminated chromosomes move toward the pole of the monocentric meiotic spindle and become included into daughter nucleus. In Cecidomyiidae, two daughter nuclei form after the division but only the nucleus containing non-eliminated chromosomes will form the germ cell (Camenzind and Fux, 1977; Kubai, 1982 Kubai, , 1987 Fig. 1B) . It seems that unlike the elimination from the somatic nuclei, the elimination of chromosomes from the germ line depends on the ''spatial imprinting'' established in the nuclei of germ cells (Kubai, 1987) . In the gonial cells and during the prophase of meiosis, the nonand eliminated chromosomes have different levels of condensation, differ in transcriptional activity, and are spatially separated inside the nucleus (Kunz, 1970; Kunz et al., 1970; Matuszewski, 1982;  Fig. 1C ). The most elegant example of spatial and probably also functional compartmentalization is the behavior of two sets of chromosomes in oogenesis of Cecidomyiidae. Although there is no elimination of the chromosomes during Cecidomyiidae oogenesis, still the S and E chromosome sets keep their distinct individuality, and they are separated by the elaborated system of intranuclear lamellae composed of basic proteins (Jazdowska-Zagrodzinska and Matuszewski, 1978 and unpublished data) . In the prophase of first meiotic division, the S chromosomes localized in the central part of the nucleus form highly condensed bivalents. At the same time the E chromosomes occupy the periphery of the nucleus, form either univalents or multichromosomal aggregates and are decondensed and transcriptionally active (Fig. 1D , Kunz, 1970; Kunz et al., 1970) . The intricate system of intranuclear lamellae separates these two sets of chromosomes throughout the majority of prophase (Fig. 1D -F) . The lamellae gradually change their structure throughout prophase (Fig. 1D -F) and eventually disperse at the end of the prophase when chromosomes S and E become equally condensed. It is commonly accepted that the purpose of this lamellar system is to physically separate and isolate two sets of chromosomes and/or their transcription products (Jazdowska-Zagrodzinska and Matuszewski, 1978) .
Chromatin diminution and chromosome elimination in hagfish
The elimination of parts and/or whole chromosomes from the pre-somatic cell line occurs during early embryogenesis in at least 8 different species of hagfish (Cyclostomata, Agnatha) (Nakai et al., 1991; Nabeyama et al., 2000) . The eliminated chromatin and chromosomes are, like in nematodes and copepods, heterochromatic and contain repetitive DNA. As a result, only germ-line cells will contain highly repetitive DNA and all of, or a majority of, the repetitive DNA becomes eliminated from the soma. In hagfish, depending on the species, between 2 and 46 chromosomes that account for 21 % to 55 % of total chromatin content become eliminated from the pre-somatic cell line (Kubota et al., 1997) . Some of the eliminated sequences have been isolated and characterized in detail. Two of these, the EEEo1 and EEEo2 families, are interspecially conserved with some degree of heterogeneity, and the EEPa1 sequence is shared between different species (Kubota et al., 1997) . Although highly conserved, these sequences do not have ORFs and are not transcribed in the germ cells (Kubota et al., 1997) . There is no information available on the possible function of the eliminated sequences or the identity of the signals that prevent elimination in the germ line.
Sex chromosome elimination in marsupials
Several species of bandicoot from Peramelidae and Peroryctidae families and pseudocheirid possums eliminate an X chromosome in females and a Y chromosome in males from some of the somatic tissues. The whole chromosome set is retained in the germ cell line (Hayman and Martin, 1974; Watson et al., 1998) . The loss of sex chromosomes takes place during pouch life, but the timing of elimination varies for different tissues (Walton, 1971; Hayman and Martin, 1974) . Molecular analysis showed that in the bandicoot, the Y chromosome becomes eliminated from the majority of the cells in bone marrow, spleen, and blood (Watson et al., 1998) . Elimination of sex chromosomes from hematopoietic tissues has also been observed in other marsupial species (Gallardo and Paterson, 1987) . This suggested that there is a correlation between Y chromosome elimination and a rate of cell division and that the elimination takes place only in fast dividing cell types. It also indicates that the loss of chromosomes in marsupials is a normal part of differentiation in certain tissues (Watson et al., 1998) . It is believed that the elimination of sex chromosomes represents an irreversible and extreme form of dosage compensation (Watson et al., 1998) . Unfortunately, nothing is known about the mechanisms inducing or protecting cells from the chromosome loss.
Factors responsible for chromatin/chromosome elimination
The fascinating question arises: what are the factors that either promote chromatin elimination in the somatic cells or prevent its occurrence in the germ-line cells? This relates to the more fundamental question what is the difference between the soma and the germ line? In the majority of invertebrates and vertebrates the germ cells contain maternal cytoplasmic determinant of germ cell fate that is called the germ plasm/pole plasm/oosome (Eddy, 1975; Zissler, 1992; Houston and King, 2000; Kloc et al., 2001) . Numerous experimental data indicate that the removal of the germ plasm or its components results in a diminished number of germ cells or complete sterility. On the other hand, the transplantation of the germ plasm to a different position or an ectopic expression of germ plasm components gives rise to the formation of supernumerary and misplaced ectopic germ cells (Saffman and Lasco, 1999; Houston and King, 2000; Kloc et al., 2001 ). The behavior, structure, and molecular composition of germ plasm have been most comprehensively studied in three model organisms: C. elegans, Drosophila, and Xenopus. In various organisms, the germ plasm always contains at least two constant components: mitochondria and germinal granules (Houston and King, 2000; Kloc et al., 2001 ). The germinal granules in Drosophila are called the polar granules and in C. elegans, the P granules. In these organisms, the germ plasm contain numerous localized RNAs that are necessary for the formation of germ cells (JazdowskaZagrodzinska, 1966; Saffman and Lasco, 1999; Houston and King, 2000; Kloc et al., 2001) . The exact functions of these RNAs are still unknown. However, nearly all of the germ plasm localized RNAs protein products belongs to a family of RNA binding proteins, and some of them are also repressors of translation (Houston and King, 2000) . This suggests that the components of the germ plasm may participate in the silencing of the somatic fate transcripts or/and in the preventing of premature expression of the germ cell fate genes.
The number of older and recent experiments suggest that, at least in parasitic nematodes, the vegetal pole of the egg contains maternal cytoplasmic determinant, probably containing RNA, that segregates in a microfilament-dependent manner to the prospective germ cells and protects their chromosomes from diminution (Tobler et al., 1992; Esteban et al., 1995) . In nematodes, these factors are also able, depending on the germ or somatic environment, to safeguard or shut down the centromere activity in the chromosomal ends. Esteban et al. (1995) have treated cleaving embryos of Parascaris univalens with vegetalizing (LiCl) and animalizing (NaSCN) substances and with microfilament inhibitor cytocholasin B. They were able to induce diminution in germ-line blastomeres after the treatment with LiCl and cytocholasin B. They concluded that the unequal segregation of the cytoplasmic factors determining the occurrence of diminution depends on the integrity of the microfilaments within the first two hours of pronuclear migration (Esteban et al., 1995) . Unfortunately, the detailed localization and the molecular identity of this factor remain a mystery. However, the comparison of the germ-line specification between parasitic and free-living non-eliminating nematode C.elegans sheds some light on the possible nature of such a factor(s). In C.elegans the asymmetrical cleavage and segregation of P granules to the prospective germ cell lineage relies on microtubule integrity and the products of the par genes (Strome, 1993) . Although it seems that the P granules are not present in parasitic nematodes it is very probable that the genes that specify germ-line development are common in C.elegans and parasitic nematodes.
The germ cells in copepods contain the ectosome, a cytoplasmic structure that was discovered by Amma (1911) . Unfortunately, there are no data available on the origin, ultrastructure and molecular composition of the ectosome. The ectosome is present in germ cells of the eliminating and non-eliminating copepod species. This suggests, although there is no experimental proof, that the ectosome is maybe involved in the inhibition of chromatin diminution in the germ line cells (Amma, 1911; Beermann, 1977) .
In chromosome eliminating insects, the posterior pole of the oocyte and the posterior pole of the embryo contain a cytoplasmic structure that seems to be identical with the pole plasm of Drosophila. A number of studies indicated that the pole plasm of Cecidomyiidae contains unidentified proteins and RNAs (Bantock, 1970; Matuszewski, 1982; Zissler, 1992) . There are very strong indications that the components of the pole plasm protect the chromosomes from being eliminated. Chromosome elimination takes place only in the nuclei that are in the somatic part of the syncytial embryo and does not occur in the germ cell nuclei that are located in the pole plasm region. However, the germ cells' nuclei did eliminate chromosomes when their entry into the pole plasm region was experimentally delayed (Geyer-Duszynska, 1966; Bantock, 1970) . Interestingly, there are indications that at least some of the pole plasm RNA is synthesized from the S chromosome set in the nurse cells and that it is transported to the oocyte by the cytoplasmic bridge (Kunz, 1970; Kunz et al., 1970; Mahowald, 1975; Matuszewski, 1982) . It has been postulated that also in Sciaridae the elimination of X chromosomes is regulated by the presence of unidentified maternal cytoplasmic factor (Zissler, 1992; de Saint-Phalle and Sullivan, 1996; Sanchez and Perondini, 1999) .
Concluding remarks
In certain groups of animals the chromatin/chromosome elimination is a part of normal developmental program of the germ line versus soma specification and differentiation pathway. It seems that the process of elimination can be considered as extreme and irreversible equivalent of dosage compensation. Although the chromatin/ chromosome elimination has been comprehensively ana-lyzed at cellular level there is practically no information on the molecular identity of the factors that either promote or inhibit the elimination. The identification of these factors could shed a light on the nature of the fundamental difference between the germ and somatic cells. It has been universally accepted that the germ-line fate is specified by the maternal cytoplasmic determinant that is called the germ plasm. It has been shown recently that in C. elegans, Drosophila, and Xenopus, the germ plasm contains a number of localized RNAs and proteins that are necessary for the proper expression of the germ fate identity (Saffman and Lasco, 1999; Houston and King, 2000; Kloc et al., 2001) . It seems very probable that the regulation of chromatin/chromosome elimination depends on the molecules that are a component of the germ plasm, and the comparison of the molecular composition of the germ plasm of eliminating and noneliminating species could be very informative. It is also very probable that the unidentified maternal determinant in nematodes and the ectosome of Copepods and oosome of Cecidomyiidae are in fact the equivalent of the germ plasm. One of the future challenges will be to characterize these structures at ultrastructural and molecular levels and find if they contain RNAs or proteins characteristic for the germ plasm and if they contain the molecules that can regulate the elimination of chromatin.
